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Phosphorylation of CBP
Mediates Transcriptional Activation
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pression of an activating isoform enhances memory
consolidation (Yin et al., 1995). Likewise, inhibition of
CREB represses long-term facilitation in Aplysia (Martin
et al., 1997; Bartsch et al., 1998), and genetic perturba-
tions in CREB function impair memory consolidation
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(Vo and Goodman, 2001). Synaptic activity and Ca2
influx trigger an early transient phase of CREB phos-
phorylation thought to be mediated by CaM kinase IVSummary
(CaMKIV) (Bito et al., 1996; Wu et al., 2001a), as well as
a persistent phase of phosphorylation (greater than 5Activity-regulated transcription has been implicated
in adaptive plasticity in the CNS. In many instances, min) mediated by a delayed ERK/MAPK signaling cas-
cade (Impey et al., 1998; Wu et al., 2001a). Although thethis plasticity depends upon the transcription factor
CREB. Precisely how neuronal activity regulates CREB identity of the ERK-activated CREB kinase(s) is not clear,
Rsk/Msk family members have been implicated in depo-remains unclear. To address this issue, we examined
the phosphorylation state of components of the CREB larization and growth factor-mediated CREB phosphor-
ylation (Deak et al., 1998; Impey et al., 1998; Xing ettranscriptional pathway. We show that NMDA acti-
vates transcription of CREB-responsive genes in hip- al., 1996). Nevertheless, synaptic activity-induced CREB
phosphorylation does not always result in transcrip-pocampal neurons, with ERK responsible for per-
sistent CREB phosphorylation and CaM kinase IV tional activation (Deisseroth et al., 1996; Fields et al.,
1997; Impey et al., 1996; Liu and Graybiel, 1996), sug-(CaMKIV) responsible for phosphorylating the CREB
coactivator, CBP. Ser301 of CBP was identified as a gesting that full activation of CREB-dependent tran-
scription depends on a second regulatory event.major target of CaMKIV phosphorylation in vitro and
in vivo. CaM kinase inhibitors attenuated phosphory- Recent studies demonstrating that Ca2 influx and
CaMKIV signaling activate CBP-dependent transcrip-lation at Ser301 and blocked CBP-dependent tran-
scription. Additionally, mutation of Ser301 impaired tion suggest that coactivator phosphorylation could rep-
resent the additional event required for CREB-mediatedNMDA- and CaMKIV-stimulated transcription. These
findings demonstrate that activity-induced CaMKIV transcription (Chawla et al., 1998; Hardingham et al.,
1999; Hu et al., 1999). However, the precise role ofsignaling contributes to CREB/CBP-dependent tran-
scription by phosphorylating CBP at Ser301. CaMKIV signaling in this process is not clear. Although
CBP is inducibly phosphorylated by Ca2 signaling in
cortical neurons, the specific sites of phosphorylationIntroduction
remain to be identified. Moreover, the ability of CaMKIV
to regulate nuclear entry of class II histone deacetylasesActivity-regulated gene expression in the CNS is be-
lieved to regulate neuronal differentiation, survival, syn- raises the possibility that Ca2-activated kinases may
also regulate transcription indirectly (McKinsey et al.,apse formation, synaptic plasticity, and memory consol-
idation (Dudai, 1997; Kandel and Pittenger, 1999; Walton 2000). The objectives of this study were to determine
whether activity-induced CaM kinase signaling regu-and Dragunow, 2000). The transcription factor CREB is
critical for many of these processes (Ahn et al., 2000). In lates CREB-mediated transcription and to assess
whether phosphorylation of CBP participates in thisparticular, CREB-dependent gene expression has been
associated with memory consolidation, addiction, circa- process.
dian rhythmicity, and developmental plasticity (Carlezon
et al., 1997; Dudai, 1997; Obrietan et al., 1999; Belvin et Results
al., 1999; Pham et al., 1999). For example, in Drosophila,
expression of an inhibitory isoform of CREB impairs Activity-Induced Transcription of CREB-Regulated
olfactory memory formation (Yin et al., 1994), while ex- Genes Requires NMDA Receptor Activation
Repetitive synaptic activity induces the expression of
many immediate-early genes in the CNS via activation4 Correspondence: impeys@ohsu.edu
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of the dominant-negative mutant, KCREB (Walton et
al., 1992), attenuated NMDA-stimulated transcription,
confirming that members of the CREB gene family are
required for activation (see Supplemental Figure S1A
online at http://www.neuron.org/cgi/content/full/34/2/
235/DC1). A requirement for CREB phosphorylation was
demonstrated by showing that wild-type GalCREB, but
not a mutant containing a Ser133Ala substitution, acti-
vated a Gal-reporter gene in response to NMDA (see
Supplemental Figure S1B).
ERK and CaMKIV Signaling Are Required
for NMDA-Induced Transcription
Expression of dominant-negative MEK attenuated bic-
uculline- and NMDA-stimulated transcription (Figure 1B),
as did acute treatment with the selective MEK inhibitor,
U0126 (see Supplemental Figure S2A online at http://
www.neuron.org/cgi/content/full/34/2/235/DC1).
These data show that the ERK cascade is required for
synaptic activity- and NMDA-mediated gene expres-
sion, as is the case for depolarization-stimulated gene
expression (Impey et al., 1998). Previous studies have
suggested that CaMKIV signaling might be dispensable
for depolarization- and glutamate-stimulated transcrip-
tion (Impey et al., 1998; Hu et al., 1999). In contrast, we
found that dominant-negative CaMKIV attenuated both
NMDA- and bicuculline-induced transcription (Figure
1B), as did treatment with the general CaM kinase inhibi-
tors, KN93 and KN62 (see Supplemental Figure S2A).
NMDA-induced activation of GalCREB was also mark-
edly reduced by coexpression of either dominant-nega-
tive MEK or CaMKIV (see Supplemental Figure S2B).
Figure 1. Activity-Induced Expression of CREB-Regulated Genes
Taken together, these experiments indicate that bothDepends on NMDA Receptor Activation of the CaMKIV and ERK
the CaM kinase and ERK signaling cascades are re-Cascades
quired for NMDA-induced transcription in primary hip-(A) Activity-induced gene expression in cultured hippocampal neu-
pocampal neurons.rons. Neurons cultured for 10–14 days were transfected with a CRE-
luciferase reporter; treated after 48 hr with 50 M D-APV, 5 M
Isradipine, or vehicle control; then stimulated 15 min later with either Role of ERK and CAMKIV Signaling in NMDA-
a spaced triple 100 Hz tetanus (1 s tetani at 5 min intervals) applied Stimulated CREB Phosphorylation
across the well, 50 M bicuculline (Bic), or 10 M NMDA for 5 hr;
We next determined how the dominant-negative kinasesand assayed for luciferase activity. In all reporter assays, error is
affected CREB phosphorylation. Transfected cells werestandard error of the mean (SEM) of quadruplicate determinations.
identified by staining for expression of a-galactosidase(B) Both CaMKIV and ERK are required for NMDA-stimulated gene
expression. Neurons were transfected with a CRE-luciferase re- reporter, and CREB phosphorylation was monitored by
porter and a 6-fold excess of the indicated dominant-negative (DN) immunocytochemistry using a phospho-CREB specific
vectors. Neurons were treated with 10 M NMDA or 50 M bicucul- antibody (see Supplemental Figure S3A online at http://
line (Bic) for 5 hr and assayed for luciferase activity.
www.neuron.org/cgi/content/full/34/2/235/DC1). Ex-(C) Effect of dominant-negative kinases on CREB phosphorylation.
pression of dominant-negative MEK, but not dominant-Hippocampal neurons were transfected with pEF6-LacZ and a 3-fold
negative CaMKIV or CaM kinase kinase (CaMKK, theexcess of empty vector or the indicated dominant-negative con-
struct. 48 hr post-transfection, neurons were treated with 20 M upstream activator of CaMKIV), attenuated CREB phos-
NMDA for 15 min and fixed. Mean pCREB signal intensity in LacZ phorylation at 15 min following NMDA stimulation (Fig-
positive cells was quantified and is summarized (n 19–58 neurons). ure 1C). At earlier times (2 min post-stimulation), expres-
Error is SEM and the asterisk denotes p  0.05 (ANOVA followed
sion of dominant-negative CaMKIV had a modest butby Tukey’s post test) relative to the control condition.
significant effect (see Supplemental Figure S3B). Simi-
larly, the MEK inhibitor U0126 blocked NMDA-stimu-
lated CREB phosphorylation at 10 min post-stimulation,of the NMDA-receptor subtype. To elucidate the mecha-
nisms underlying the activation of NMDA-responsive while KN62, a CaM kinase inhibitor, had no effect (see
Supplemental Figure S3C). These results support recentgenes, we examined expression of a CRE-reporter gene
transfected into postnatal rat hippocampal neurons studies indicating that CaMKIV mediates a transient,
early phase of CREB phosphorylation (Wu et al., 2001a),maintained in culture for 12–14 days. In this model,
NMDA, 100 Hz field stimulation, or bicuculline-mediated while MAPK mediates a later, persistent phase (Impey
et al., 1998; Wu et al., 2001a).synaptic disinhibition induced reporter expression in a
manner that was blocked by APV, but not the L type Because only prolonged CREB phosphorylation in-
duces transcriptional activation in neurons (DeisserothCa2channel inhibitor, isradipine (Figure 1A). Expression
Phosphorylation of CBP by CaMKIV
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et al., 1996; Liu and Graybiel, 1996; Fields et al., 1997),
the requirement for CaMKIV in NMDA-induced gene ex-
pression cannot be explained solely by its early effects
on CREB phosphorylation. Accordingly, we found that
a brief (5 min) stimulation with NMDA, which induced a
short duration of CREB phosphorylation, failed to stimu-
late CREB-mediated transcription, while a prolonged (30
min) stimulus triggered robust gene expression (data
not shown). Because Ser133 is the only site in CREB
that is phosphorylated by CaMKIV in vitro (Matthews et
al., 1994; Sun et al., 1994), we propose that CaMKIV
contributes to NMDA- and synaptic activity-stimulated
transcription by phosphorylating another component of
the pathway.
NMDA-Stimulated Transcription Involves
CBP Recruitment
Several recent studies have suggested that CaMKIV sig-
naling activates CBP-dependent transcription (Chawla
et al., 1998; Hardingham et al., 1999; Hu et al., 1999).
We tested whether CBP is involved in NMDA-stimulated
transcription by utilizing 12 S E1A, an adenoviral trans-
forming protein that inhibits CBP function (Lundblad et
al., 1995). Expression of E1A, but not E1A CR1, an
E1A deletion mutant that does not interact with CBP,
significantly attenuated NMDA-stimulated gene expres-
sion (Figure 2A). This suggests that CBP or the closely
related protein p300 participates in NMDA-stimulated
transcription.
While the participation of CBP in the PKA/CREB path-
way is well substantiated, it has been suggested that
some Ca2-activated kinases may actually prevent re-
cruitment of CBP to CREB (Parker et al., 1998; West et
al., 2001). To examine this directly, we used a chromatin
immunoprecipitation assay to test whether NMDA pro-
moted the recruitment of CBP to the endogenous c-fos
promoter. Semiquantitative PCR analysis of chromatin
immunoprecipitates indicated that NMDA stimulated the
recruitment of CBP to a region flanking the CREB-
Figure 2. Activation of CREB by NMDA Involves CBP Recruitmentresponsive element (Figures 2B and 2C) with kinetics
(A) Hippocampal neurons were transfected with a CRE-luciferasethat paralleled the phosphorylation state of CREB (see
reporter and a 6-fold excess of empty vector or the indicated E1ASupplemental Figure S3B online at http://www.neuron.
constructs. Neurons were treated with 20 M NMDA for 5 hr and
org/cgi/content/full/34/2/235/DC1). A comparable sig- assayed for luciferase activity.
nal was not detected when primers located further up- (B) Diagram indicating the position of primers used in chromatin
immunoprecipitation experiments relative to cis-acting elements instream were utilized (Figures 2B and 2C). Identical re-
the rat c-fos promoter.sults were seen using chromatin fragments that were
(C) Immunoprecipitation of chromatin-bound CBP in neocorticalsize selected to 250 bp in length (data not shown). As
neurons. Neurons were treated with 25 M NMDA for the indicatedexpected, under basal conditions, CREB was associ-
length of time. Chromatin fragments were immunoprecipitated with
ated with the c-fos CRE fragment, but not with the up- an anti-CBP antibody and were analyzed by semiquantitative PCR
stream promoter fragment (Figure 2D). These assays for the presence of a 233 bp c-fos promoter fragment flanking the
CRE or a 218 bp fragment located further upstream from the CRE.suggest that Ca2-activated kinases do not prevent re-
(D) Immunoprecipitation of chromatin-bound CREB in neocorticalcruitment of CBP to CREB in vivo, at least in the context
neurons. Neurons were treated with 25 M NMDA for the indicatedof the c-fos promoter. Indeed, treatment of cortical neu-
length of time. Chromatin fragments were immunoprecipitated withrons with forskolin and NMDA induced comparable in-
an anti-CREB antibody and were analyzed by semiquantitative PCR,
creases in CBP recruitment (Figure 2E), suggesting that as described in (C).
the ability of Ca2 signaling to induce CBP binding to (E) NMDA and forskolin induce similar levels of CBP recruitment.
Neurons were treated with 25 M NMDA or 10 M forskolin for thethe c-fos promoter is not compromised relative to PKA.
indicated length of time. Chromatin fragments were immunoprecipi-
tated and analyzed as in (C).CaMKIV Regulates Transcription Downstream
of CREB-CBP Complex Formation
The ability of CaMKIV to phosphorylate CREB Ser133, CREB(DIEDML), a mutant that interacts constitutively with
CBP and p300 (Cardinaux et al., 2000). CREB(DIEDML) can-albeit transiently, complicates the analysis of poten-
tial downstream mechanisms. We therefore utilized not be phosphorylated at Ser133 but binds to CBP and
Neuron
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changeable, these results indicate that they are differen-
tially sensitive to CaMKIV signaling. Furthermore, the
failure of dominant-negative CaMKIV to affect p300-
dependent transcription suggests that blockade of the
CaMKIV signaling pathway does not interfere with
downstream components that are utilized by both CBP
and p300.
CBP Ser301 Is a Major CaMKIV Phosphorylation
Site In Vitro
To determine whether CaMKIV directly phosphorylates
CBP, we expressed Flag-tagged CBP in Cos7 cells, im-
munoprecipitated the recombinant protein using an
anti-Flag antibody, and treated the immune complexes
in vitro with CaMKK-activated recombinant CaMKIV
(Figure 4A, top panel). Two-dimensional tryptic mapping
revealed a major (site 1) and several minor sites of phos-
phorylation (Figure 4A). A series of CBP fragments repre-
senting the full-length protein were then expressed in
Cos7 cells, immunoprecipitated, phosphorylated by ac-
tivated CaMKIV, and analyzed by tryptic digestion and
Figure 3. CaMKIV Regulates Transcription Downstream from CREB two-dimensional electrophoresis. Although several frag-
Ser133 Phosphorylation
ments were phosphorylated, only one, CBP 251-350,
(A) Neurons were transfected with a Gal-luciferase reporter, Gal-
contained the tryptic peptide identified as site 1 (dataCREB or GalCREB(DIEDML), and a 5-fold excess of either empty vector
not shown). Mutation of Ser298, Ser301, and Ser305 toor the indicated dominant-negative constructs. Cells were treated
Ala in GST-CBP 251-350 blocked CaMKIV phosphoryla-with 20 M NMDA for 5 hr and assayed for luciferase activity.
(B) Neurons were transfected with a Gal-luciferase reporter, GalCBP tion (Figures 4B and 4C). The analogous mutations in
or Galp300, and a 4-fold excess of empty vector or dominant-nega- full-length CBP eliminated site 1 phosphorylation and
tive CaMKIV. Treatments were as in (A). Unless otherwise indicated, modestly reduced total CBP phosphorylation (Figure
error is SEM, and experiments are averages of quadruplicate deter-
4D). Alanine scanning mutagenesis identified Ser301 asminations.
the major CaMKIV phosphorylation site in GST-CBP
251-350 (Figure 4E). This site is not conserved in p300.
p300 with an affinity approximately 3-fold greater than
NMDA-Stimulated Phosphorylation of CBP Ser301that of phosphorylated CREB. To obviate interactions
Depends on CaM Kinase Signalingwith endogenous CREB family members, we transfected
To determine whether CBP is phosphorylated in hippo-hippocampal neurons with a Gal-CREB(DIEDML) fusion pro-
campal neurons, we generated a phosphospecific poly-tein lacking the basic/zipper domain. In the absence of
clonal antibody to a peptide containing phosphorylatedstimulation, Gal-CREB(DIEDML) modestly increased tran-
Ser301. The phospho-CBP antibody recognized GST-scription of a Gal-luciferase reporter relative to wild-
CBP 251-450 only after treatment with activated CaMKIVtype GalCREB, presumably due to its ability to interact
(Figure 5A). Coexpression of constitutively activeconstitutively with CBP (Figure 3A). NMDA robustly stim-
CaMKIV with wild-type full-length CBP, but not with aulated Gal-CREB(DIEDML)-mediated gene expression, indi-
mutant containing a Ser301Ala substitution, phosphory-cating that it regulates transcription at a point distal to
lated Ser301 in vivo (Figure 5B). The phospho-CBP anti-the formation of the CREB-CBP complex. Furthermore,
body was then used to analyze CBP immunoprecipitatesdominant-negative CaMKIV inhibited NMDA activation
from hippocampal neuron cultures treated with NMDA.of Gal-CREB(DIEDML), indicating that CaMKIV is required for
NMDA caused a significant increase in phosphorylatedstimulation of the CREB-CBP complex independently of
CBP, supporting the identification of Ser301 as a physio-its ability to phosphorylate CREB. Consistent with the
logical target of NMDA-stimulated kinases (Figures 5Chypothesis that ERK signaling contributes to activation
and 5D). Consistent with a role for CaMKIV in Ser301primarily by phosphorylating CREB, expression of domi-
phosphorylation, the NMDA-stimulated increase in CBPnant-negative MEK had no effect on Gal-CREB(DIEDML)-
phosphorylation was attenuated by treatment with themediated transcription.
CaM kinase inhibitor KN93 (Figure 5C).
Activation of CBP-, but Not p300-, Dependent
Transcription Requires CaMKIV Signaling Ser301 Is Required for the Transcriptional
Activation of CBP by NMDA and CaMKIVWe next tested whether GalCBP and Galp300 fusion
proteins were directly regulated by CaMKIV signaling. We next examined whether Ser301 phosphorylation
contributes to the regulation of CBP function. NMDANMDA stimulated both coactivators in hippocampal
neurons, but the CBP fusion protein was considerably stimulation of GalCBP was significantly reduced in the
presence the Ser301Ala mutation (Figure 6A). Dominant-more responsive (Figure 3B). In the presence of NMDA,
dominant-negative CaMKIV specifically decreased negative CaMKIV did not significantly reduce the activity
of GalCBP Ser301Ala, however, suggesting that CaMKIVGalCBP-, but not Galp300-mediated transcription. Al-
though CBP and p300 are widely believed to be inter- regulates CBP by directly phosphorylating Ser301. Con-
Phosphorylation of CBP by CaMKIV
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Figure 4. CBP Ser301 Is the Major CaMKIV
Phosphorylation Site In Vitro
(A) Cos7 cells were transfected with 20 g of
pCDNA3-CBP-Flag and immunoprecipitated
with an anti-Flag M2 antibody. The immuno-
precipitates were treated with CaMKK-acti-
vated, recombinant CaMKIV. CBP phos-
phorylation, as determined by SDS-PAGE/
autoradiography, is shown in the inset. 32P-
labeled CBP was excised from the gel and
subjected to two-dimensional tryptic peptide
mapping, which revealed a major phosphory-
lation site (site 1), as well as several minor
sites.
(B) Schematic representation of CBP 251-350
serine to alanine mutants used in (C).
(C) The indicated CBP 251-350 mutants were
expressed in Cos7 cells, immunoprecipi-
tated, and incubated with activated CaMKIV.
Only mt-2 lost the ability to be phosphory-
lated by CaMKIV.
(D) CBP Ser(298, 301, 305)Ala was expressed
in Cos7 cells and incubated with recombinant
CaMKK-activated CaMKIV. Total phosphory-
lation of the mutant was modestly decreased
(inset). Two-dimensional tryptic peptide map-
ping revealed that mutation of Ser 301 pre-
vented phosphorylation at site 1.
(E) Mutation of Ser301 to Ala blocks phos-
phorylation of CBP 251-350. Flag-tagged
CBP 251-350 containing Ser to Ala mutations were expressed in Cos7 cells, immunoprecipitated, and incubated with CaMKK-activated
CaMKIV. Only the Ser301Ala mutation resulted in a significant loss of 32P incorporation, indicating that Ser301 is the major phosphorylation
site within CBP 251-350.
sistent with these findings, constitutively active CaMKIV genes requires CaMKIV activity. Furthermore, we sug-
gest that an important component of the effect ofstimulated GalCBP much better than it did GalCBP
Ser301Ala (Figure 6B). PKA has also been reported to CaMKIV depends on the phosphorylation of CBP at
Ser301.activate GalCBP, although the site of phosphorylation
has not been identified (Swope et al., 1996; Xu et al., Phosphorylation of Ser301 by CaMKIV enhances
CBP-mediated transcription, and mutation of this site1998). Accordingly, we found that both forskolin treat-
ment and expression of the catalytic subunit of PKA attenuates NMDA-induced transcription. Interestingly,
Hu et al. (1999) identified a CaMKIV-responsive tran-activated GalCBP and GalCBP Ser301Ala similarly (Fig-
ures 6B and 6C). In the absence of PKA or CaMKIV, scriptional activation domain within the N terminus of
CBP that was mapped to amino acids 227–460. AlthoughGalCBP and GalCBPSer301 activate a Gal4-responsive
reporter equivalently (Figure 6B; see Supplemental Fig- a distinct CaMKIV-responsive domain has been pro-
posed to exist within the C terminus of CBP, NMDAure S4 online at http://www.neuron.org/cgi/content/full/
34/2/235/DC1), indicating that the Ser301 mutation does signaling appears to activate this domain in a manner
that is independent of CaMKIV signaling (Hu et al., 1999;not affect basal CBP function. Taken together, these
experiments argue that CaMKIV-mediated phosphoryla- Hardingham et al., 1999). These results are consistent
with our observation that the residual activation oftion of Ser301 is required for the transcriptional activa-
tion of CBP by NMDA signaling. GalCBP Ser301Ala was not further attenuated by ex-
pression of dominant-negative CaMKIV.
The requirement for the coincident activation of bothDiscussion
CaMKIV and ERK signaling may explain why certain
patterns of neural activity can induce CREB phosphory-The findings presented in this report suggest that
NMDA-induced transcription in hippocampal neurons lation but fail to trigger transcription (Deisseroth et al.,
1996; Fields et al., 1997; Impey et al., 1996; Liu andrequires phosphorylation of both CREB and CBP. Activ-
ity-induced Ca2 influx triggers persistent CREB phos- Graybiel, 1996). They also provide an explanation for
the puzzling observation that CaMKIV activity is requiredphorylation, primarily through the ERK pathway, which
leads to recruitment of CBP. Although CaMKIV can me- in some instances for gene expression, but not for CREB
phosphorylation (Chawla et al., 1998). It has becomediate an early transient phase of CREB phosphorylation
(Wu et al., 2001a; see Supplemental Figure S3B), studies apparent that while CREB phosphorylation is activated
by a broad range of stimuli, expression of CREB-to date do not prove that CaMKIV signaling is obligatory
for Ca2-stimulated transcription of CREB-regulated dependent genes is triggered only by specific patterns
of neuronal activity associated with long-term synapticgenes (Impey et al., 1998; Hu et al., 1999). Our data
indicate that in mature hippocampal neurons, NMDA- plasticity (Deisseroth et al., 1996; Fields et al., 1997;
Impey et al., 1996, 1998; Liu and Graybiel, 1996). Thedependent transcriptional activation of CRE-containing
Neuron
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Figure 6. Mutation of CBP Ser301 to Ala Attenuates NMDA-Stimu-
lated Transcription
(A) Neurons were transfected with a Gal-luciferase reporter, GalCBP
or GalCBP S301A, and a 4-fold excess of empty vector or dominant-
negative CaMKIV, as indicated; treated with 10 M NMDA for 5 hr;
and assayed for luciferase activity.
(B) Neurons were transfected with GalCBP or GalCBP Ser301Ala, a
Gal-luciferase reporter, and constitutively active CaMKIV or PKA,Figure 5. NMDA-Mediated CBP Ser301 Phosphorylation Requires
as indicated. Error is SEM, and experiments are averages of quadru-CaM Kinase Signaling
plicate determinations.(A) GST-CBP 251-450 was incubated in the presence and absence
(C) Neurons were transfected as in (A), treated with 10 M NMDAof CaMKK-activated, recombinant CaMKIV. The phospho-Ser301
or 5 M forskolin for 5 hr, and assayed for luciferase activity.specific antibody detected the phosphorylated, but not unphos-
phorylated, GST fusion protein.
(B) Cos7 cells were transfected with Flag-tagged CBP or CBP
therefore require patterns of neuronal activity that simul-Ser301Ala and empty vector or constitutively active (CA) CaMKIV.
taneously (or sequentially) induce persistent ERK signal-CBP constructs were immunoprecipitated via their Flag epitopes
and Western blotted using phospho-Ser301 and Flag antibodies. ing, stimulate the nuclear translocation of ERK or an
(C) Hippocampal neurons were treated with 25 M NMDA (N) for ERK-activated kinase, and increase nuclear Ca2/CaM
the length of time indicated in the presence or absence of KN93 levels to a degree that is sufficient for the activation of
(10 M). CBP (CBP) or preimmune (IgG) immunoprecipitates were
CaMKIV.analyzed by Western blotting using the phospho-Ser301 (pCBP)
CaM kinase II can phosphorylate CREB at both serineantibody. Levels of CBP detected using an antibody to the nonphos-
133 and 142 in vitro (Sun et al., 1994), and phosphoryla-phorylated protein are shown in the upper panel.
(D) Hippocampal neurons were treated for the indicated times with tion of the latter site inhibits CBP binding (Parker et al.,
25 M NMDA and Western blotted. Phospho-Ser301 (pCBP) signal 1998). However, the degree to which phosphorylation
was quantitated by densitometry (n  3–7), normalized to nonphos- of Ser142 occurs in vivo and the role of CaMKII in this
phorylated CBP levels, and analyzed by ANOVA and Tukey’s post
process remains unclear. Because Ca2-activatedtest (asterisk denotes p  0.05).
CREB signaling is known to be important for c-fos gene
expression, West et al. (2001) have proposed that, in
this setting, CREB may form a complex with a coactiva-distinct properties of the CaMKIV and ERK signaling
cascades may underlie this specificity. CaMKIV is tor other than CBP. The ubiquitous requirement for CBP
in positively acting regulated transcriptional pathwayslargely localized to the nucleus (Bito et al., 1996; Jensen
et al., 1991), while the ERK signaling cascade is enriched (Brivanlou and Darnell, 2002) argues against this sug-
gestion, however. Additionally, our chromatin immuno-in dendritic postsynaptic densities (Chen et al., 1998;
Suzuki et al., 1999). The temporal profiles of activation precipitation assays strongly argue for the involvement
of CBP in NMDA-stimulated c-fos expression. The factalso appear to differ—specific patterns of neuronal ac-
tivity can cause persistent ERK stimulation (Wu et al., that NMDA treatment resulted in the recruitment of CBP
to the native c-fos promoter suggests that the CaM2001b) while CaMKIV is only transiently activated by
neuronal activity (Impey et al., 1998; Kasahara et al., kinase-mediated phosphorylation of CREB at serine 142
(or other sites yet to be determined) does not preclude2000, 2001). Activation of CREB-regulated genes may
Phosphorylation of CBP by CaMKIV
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CBP binding at least in the context of this one well- (Zanger et al., 2001). Thus, it is possible that the Ser301
studied gene. phosphorylation could serve to recruit another protein
A recent study demonstrating that CaMKIV activates capable of binding core transcriptional components.
the transcription factor MEF2 through actions on histone Conversely, CBP phosphorylation at an unknown car-
deacetylases (McKinsey et al., 2000) raises the possibil- boxyl-terminal site by CDK2 has been proposed to in-
ity that the activation of GalCBP-mediated transcription crease CBP histone acetyltransferase (HAT) activity in
by constitutively active CaMKIV could be indirect. How- vitro (Ait-Si-Ali et al., 1998), raising the possibility that
ever, our finding that p300, which does not contain a CaMKIV phosphorylation could have a similar effect. We
phosphorylation site analogous to Ser301, is not regu- did not detect an increase in HAT activity after phos-
lated by CaMKIV argues against this possibility. Fur- phorylation of CBP by CaMKIV in vitro (data not shown);
thermore, we show that constitutively active CaMKIV however, CBP phosphorylation could increase HAT ac-
does not activate a GalCBP fusion protein containing a tivity indirectly by facilitating binding of another factor
Ser301Ala mutation, confirming the importance of (Soutoglou et al., 2000).
Ser301 phosphorylation. However, our results do not Interestingly, Ca2 and CaMKIV signaling have been
rule out the possibility that additional phosphorylation shown to regulate ROR-, COUP-TF1-, SRF- and c-jun-
sites could contribute to CBP-mediated transcription or mediated transcription, despite the fact that these fac-
that CaMKIV signaling might activate CREB or CBP via tors do not appear to be phosphorylated by CaMKIV
additional mechanisms. directly (Cruzalegui et al., 1999; Kane and Means, 2000).
Although CBP and p300 are widely believed to be Because CBP functions as a coactivator in each of these
interchangeable, several lines of evidence suggest that pathways, it is possible that Ser301 phosphorylation
these two coactivators have unique functions. Recent could explain how these various transcription factors
studies using hammerhead ribozymes demonstrated are stimulated by CaMKIV. Additionally, the phosphory-
that p300, but not CBP, was required for UV-induced lation of CBP by CaMKIV could play a role in synaptic
apoptosis and retinoic acid-mediated differentiation plasticity. For example, the late phase of cerebellar LTD
(Kawasaki et al., 1998; Yuan et al., 1999). Interestingly, requires both CaMKIV signaling and CREB-dependent
deletion of one allele of CBP can lead to a severe devel- transcription (Ahn et al., 1999). Furthermore, mice defi-
opmental disorder in humans termed the Rubinstein- cient for CaMKIV have a profound deficit in hippocampal
Taybi syndrome (Petrij et al., 1995). Because p300 is long-term potentiation and Ca2-induced transcription
wild-type in this disorder, it is possible that CBP has of the CREB-regulated immediate-early gene, c-fos (Ho
unique regulatory functions during human development. et al., 2000). Future experiments perturbing CREB, CBP,
Likewise, haploinsufficiency of CBP in mice also results and CaMKIV function in transgenic animals should help
in developmental defects (Tanaka et al., 1997; Kung et clarify the precise role of CaMKIV in synaptic plasticity.
al., 2000). Our observation that CaMKIV signaling acti-
vates CBP-, but not p300-, dependent transcription pro-
Experimental Procedures
vides the additional evidence that CBP has unique regu-
latory properties. Examination of the sequences of CBP Pharmacology and Reagents
and p300 reveals several additional distinctions that Neurons were pretreated with inhibitors for at least 30 min. Exposure
of U0126, KN93, and KN62 to light was minimized. All inhibitorscould allow for differential phosphorylation. It will be
were purchased from Calbiochem and were stored at 30	C ininteresting to address the relative contributions of CBP
single use aliquots in DMSO. NMDA (Sigma), D-APV (Sigma), TTXand p300 to other transcriptional pathways in future
(Sigma), and bicuculline methiodide (Fluka) were dissolved in dH2O.studies.
Whether other signaling cascades similarly modulate
PlasmidsCBP function remains unclear. For example, constitutive
The following plasmids have been described previously: dominant-
activation of ERK was shown to activate GalCBP-medi- negative MEK (Seger et al., 1994), Gal4CREB and GalCREB M1
ated transcription (Janknecht and Nordheim, 1996; Liu (Impey et al., 1998), GalCREB(DIEDML) (Cardinaux et al., 2000), CRE-
et al., 1998) and phosphorylate CBP in vitro (Ait-Si-Ali luciferase (Matthews et al., 1994), dominant-negative CaM kinase
et al., 1999; Janknecht and Nordheim, 1996). However, IV (Impey et al., 1998), dominant-negative CaMKK (Yano et al., 1998),
KCREB (Walton et al., 1992), E1A and E1A CR1 (Bannister andour data indicates that ERK signaling was dispensable
Kouzarides, 1995), and Galp300 (Lundblad et al., 1995). RSV-PKAfor NMDA-stimulated activation of CBP in hippocampal
was obtained from R. Maurer (Oregon Health Sciences University).neurons. Moreover, activation of GalCREB(DIEDML) by The GalCBP, Gal CBP S301A, GalCREB, and GalCREB(DIEDML) fusionNMDA did not depend on the ERK cascade, supporting cDNAs were subcloned into pUB6 (Invitrogen) using standard meth-
the idea that this pathway primarily regulates gene ex- ods. C-terminal Flag-tagged CBP constructs were generated by
pression by facilitating the persistent phosphorylation PCR and subcloned into pCDNA3. The GalCBP S301A and CBP
S301A mutations were introduced via the Quickchange mutagenesisof CREB. Although several studies have demonstrated
system (Clontech) and verified by automated sequencing (ABI).that cAMP/PKA signaling also regulates CBP-mediated
-actin-LacZ, pBOS-LacZ, and pUB6-LacZ (Invitrogen) were usedtranscription, the sites of PKA phosphorylation have not
to normalize for transfection efficiency. Details on the subcloningbeen unambiguously determined. PKA does not activate
and purification of plasmids will be provided on request.
CBP by phosphorylating CBP Ser301 in vivo.
CBP is believed to regulate transcription through two
Cell Culturemechanisms: by recruiting components of the core tran-
Postnatal rat primary hippocampal neurons were cultured as de-
scriptional machinery and by acetylating histones and scribed in Impey et al., (1998), except that Neurobasal AB27 (In-
other factors involved in gene activation and repression. vitrogen) growth media supplemented with 1% FBS (Invitrogen) and
A previous study suggested that phosphorylation of 2.5 M AraC (Sigma) was added after 3 days in vitro (DIV). Cos7
cells were propagated as detailed by the source (ATCC).CBP by growth factors allowed the recruitment of c-jun
Neuron
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Transfection The linearity of the PCR signal was confirmed by varying template
concentration.Cos7 cells were transfected by calcium phosphate coprecipitation
(Invitrogen) or by Fugene (Roche), as described by the manufactur-
ers. Hippocampal neurons were transfected with Lipofectamine Quantitation
2000 (Invitrogen), as described by the manufacturer with the follow- Quantitation of pCREB signal in hippocampal neurons was con-
ing exceptions: Neurobasal A50 mM HEPES (pH 7.5) was used for ducted by averaging the integrated pixel intensities of thresholded
lipid-DNA compaction and for transfection, a 1:2 ratio was used for nuclei using the Metamorph image analysis system (Universal Im-
DNA: lipofectamine 2000 compaction, and conditioned media was aging). All quantitation was conducted blind.
retained and used to replace transfection media.
Generation of Phosphospecific Antibodies
The phospho-Ser301 specific antibody was generated by immuniz-Western Blotting
ing rabbits with a KLH-coupled phospho-peptide (291-307,1–5 
 106 hippocampal neurons (10–14 DIV) were treated as indi-
GVNPQLASKQSMVC) flanking murine CBP Ser301. The phospho-cated in Tyrodes buffer (119 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1
Ser301 antibody used in this study did not have significant titer formM MgCl2, 25 mM HEPES, 30 mM glucose, and 1 M TTX), lysed
the unphosphorylated peptide by ELISA. Antibodies were affinityin 50–75 l boiling 2
 SDS-PAGE buffer, and boiled for 10 min. The
purified for the phosphorylated peptide by column chromatographysamples were clarified by centrifugation (10 min at 28,400 
 g), and
using the phosphorylated and unphosphorylated peptides.5–20 g of protein was subjected to SDS-PAGE electrophoresis.
Gels were transferred to Immobilon-P membranes (Millipore) and
Immunoprecipitationblocked with 5% powdered milk in PBS. The following primary anti-
1 
 106 hippocampal neurons were transfered to Tyrodes bufferbodies were used overnight at 4	C in PBST (0.1% Triton X-100, 10
containing 1 M TTX. After 30 min, the neurons were treated withmM NaF) with 5% BSA: rabbit anti-phospho-CREB (1:2000, NEB),
25 M NMDA and 1 M glycine or vehicle and lysed in 1 ml of RIPAmouse anti-CREB (1:1000, Santa Cruz), rabbit anti-CBP (1:2000,
buffer (TBS [pH 7.5], 1% NP40, 1% BSA, 0.5% sodium deoxycholate,A22, Santa Cruz), rabbit anti-phospho-CaMKIV antibody (1:1000),
0.5% SDS, 10 mM NaF, 1 mM PMSF, 1 mM EDTA, complete proteaseand rabbit anti-phospho-CBP (1:2000). Secondary antibodies (affin-
inhibitor cocktail (Roche), and phosphatase inhibitor cocktail I [Cal-ity-purified HRP- and AP-conjugated anti-IgG (1:2500, Jackson
biochem]). Cos7 cells (2 
 106 ) were lysed in 1 ml RIPA buffer 20Labs) were used at 22	C for 1–2 hr in 5% milk PBST. Immunoblots
hr following transfection. Lysates were sonicated for 5 s, clarifiedwere washed five times each for 15 min following antibody incuba-
by centrifugation at 66,000 
 g for 30 min, precleared with 20 ltions and were developed using either alkaline phosphatase chemi-
protein A or protein A/G (Pierce) and 0.5 g affinity-purified rabbitluminescence (Tropix) or HRP enhanced chemiluminescence (NEN
IgG (Zymed), and the supernatant was incubated with 1 g of anti-or Amersham).
CBP (A22, Santa Cruz) or 8 g of anti-Flag (M2, Sigma) for 2 hr.
Supernatants were incubated with 20 l of protein A or A/G agarose
Immunochemistry (Pierce) for 1 hr and washed five times each for 10 min with RIPA
Hippocampal neurons were fixed in 5% formaldehyde in PBS ([pH buffer. Immunoprecipitates were separated by SDS-PAGE and im-
7.4], 50 mM HEPES) for 5 min. Neurons and were blocked (1–2 hr munoblotted as described above.
at 22	C) in 5% BSA in PBS with 0.05% triton X-100 and 10 mM NaF
(PBST). All immunolabeling was conducted in 2.5% BSA PBST. The 2D Tryptic Phosphopeptide Mapping
rabbit anti-LacZ antibody was used at a 1:1000 dilution (53) and and CaMKIV Phosphorylation
visualized with 2g/ml Alexa 594 anti-rabbit IgG (Molecular Probes). 2 days following transfection, Cos7 cells were lysed and immunopre-
The rabbit anti-phospho-CREB (NEB) was used at a 1:250 dilution cipitated with anti-Flag M2 antibody (Kodak) as described previously
and sequentially labeled with 2 g/ml FITC anti-rabbit IgG (Jackson) (Lundblad et al., 1995). Immunoprecipitated Flag-tagged CBP con-
and 4 g/ml Alexa-488 anti-FITC (Molecular Probes). structs or GST-CBP 251-450 were incubated with 50 nM activated
CaMKIV for 30 min in 50 mM HEPES (pH 7.5), 10 mM magnesium
acetate, 1 mM DTT, and 10 mM 32P-ATP. CaMKIV was activated byReporter Gene Assays
CaMKK as described in Enslen et al., 1995. 32P incorporation wasLuciferase and -galactosidase activity were assayed as described
analyzed by SDS-PAGE followed by autoradiography. 32P-CBP wasin Impey et al., (1998). A -galactosidase vector with the same pro-
excised from the gel and subjected to 2-D tryptic phospho-aminomoter as the other components of the transfection was used to
acid mapping as described in Boyle et al., 1991.normalize for transfection efficiency.
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